The mobility and uptake of phosphorus, manganese, arsenic, copper, zinc and several other heavy metal(loid)s to rice shoots and grains were measured under controlled irrigation [flooded and non-flooded] conditions in a pot experiment. Doses of 0.1-1% (w:w) of a metal(loid)-rich wood ash containing ≤ 13,000 mg kg −1 phosphorus, manganese, arsenic, copper and zinc were applied to a study soil to determine the impacts of the ash on rice grain quality and the fate of metal(loid)s. Pore water and rice shoots and grains were analysed for beneficial and toxic elements derived from the ash, and Food-chain exposure modelling was applied to the experimental data thereafter to predict risk of onward impacts to human health. Concentrations of phosphorus and manganese in pore water increased with ash addition, though this did not enhance grain phosphorus or manganese. Zinc mobility was largely reduced over the course of the experiment, but appeared unrelated to ash dose. Arsenic presented the greatest mobility in pore water of all measured metal(loid)s (~ 2500 µg l −1 ), with shoot concentrations displaying clear dose and irrigation response. Although rice concentrations of arsenic in grain were the lowest of all measured metal(loid)s, risk-modelling of the data showed that even a 0.1% addition of the study ash to soil could expose a high rice consuming cohort to a vastly increased probability of deleterious health impacts. Whilst it is unlikely that contaminated ash would be knowingly applied to land, this study highlights that even singular applications of metal(loid) rich ash to agricultural soils could have negative effects on crops and forward impacts to human health. Other application scenarios, whereby lesser contaminated ashes are repeatedly applied to soils, warrant further work with regard to potential risks of accumulated metal(loid)s entering the food chain.
Introduction
Rice (Oryza sativa L.) is a dietary staple for 3.5 billion people globally, providing more than 20% of their daily calorific intake (Khush 2013) . As world population increases, output of dietary staple crops, like rice, will also need to rise to meet demand. Increased crop production can result from two scenarios: either intensification (producing more yield per unit area) or extensification (increasing the available land for crop production) (Gregory and Nortcliff 2013) . Soils that are deemed less than ideal for crop production, referred to as marginal soils, due to limitations such as low fertility and poor drainage, may be modified in some way, for example by the addition of amendments to enhance their productivity.
Liming is traditionally used to increase the pH of soils, modifying their chemical, biological and physical properties (Edmeades and Ridley 2003) , though it is increasingly regarded as non-sustainable due to the sourcing of lime from non-renewable outlets. Wood ash, the solid by-product of wood incineration, has several proven beneficial effects on soils, such as an increase in soil pH and added nutrient value (Bougnom et al. 2009 (Bougnom et al. , 2012 Klemedtsson et al. 2010; Pérez-Cruzado et al. 2010; Arshad et al. 2012; Saarsalmi et al. 2012; Podmirseg et al. 2013) . This has been shown, in some cases, to lead to improved crop productivity (Pérez-Cruzado et al. 2010; Bougnom et al. 2012; Materechera 2012; Moilanen et al. 2012; Saarsalmi et al. 2012) . Wood ash can contain, amongst a range of macro-nutrients (i.e. phosphorus, potassium), a wide range of other elements depending on the source of the wood (i.e. arsenic, copper, chromium) (e.g. Mollon et al. 2016) .
Approximately two-thirds of the world's population are deficient in one or more essential mineral elements (White and Broadley 2008) . For a number of these essential elements, plants are a potential source for increased dietary intake, facilitated through a number of mechanisms, such as amending soil to increase the concentration of specific elements available for plant uptake. Studies have explored the impacts that fly ash (a product from coal combustion) has on rice production and grain quality, and have observed a range of impacts (Patra et al. 2012; Singh et al. 2016 ). Patra et al. (2012) demonstrated that an application of 200 t ha −1 of fly ash increased rice grain yield by up to 40%; however, there did appear to be an increase in grain arsenic concentration of 1.8 times on the fly ash amended soils compared to the control soils. Singh et al. (2016) observed that plants grown on fly ash amended soils produced lower biomass and had increased sterility, and that concentrations of cadmium, chromium, lead and arsenic increased in the grains of plants grown on fly ash amended soils, compared to the control soils; however, in this case, the fly ash made up 50% of the growing matrix. Mollon et al. (2016) conducted experiments using wood ash derived from mixed waste and virgin wood sources, with resultant high concentrations of heavy metal(loid)s. Such ashes thus have high concentrations of elements that are both beneficial to plants, e.g. zinc and copper (White and Broadley 2008) , and toxic to plants and, if accumulated within the edible faction of the plant, could be toxic to humans (e.g. arsenic, Meharg et al. 2009 ).
Rice is commonly grown under flooded paddy conditions. Flooded soils present anaerobic conditions that can confound the predictability of metal(loid) behaviour. Additionally, rice cultivation approaches can include periods of both dry and flooded soil and the transition between aerobic (or partially aerobic) and anaerobic conditions further complicates predictability of metal(loid) behaviour. For example, arsenic, iron and manganese become more available to plants under anaerobic conditions compared to aerobic conditions (Xu et al. 2008; Norton et al. 2012 Norton et al. , 2013 Rinklebe et al. 2016) . This is in contrast to elements like cadmium, copper and strontium, whose mobility is reduced in oxygen limited soils (Rinklebe et al. 2016) .
In this study, we have investigated the impact that amending soil with a wood ash with high concentrations of metal(loid)s has on (1) the mobility of the metal(loid)s from the ash when applied to soil; (2) the impact that this has on the growth of rice, and the accumulation of the metal(loid)s in the rice shoots and grains in the context of biofortification and accumulation of toxic elements. To understand how different management practices impact on these factors the experiment was (3) conducted under both flooded and nonflooded conditions. Finally, (4) the resulting experimental data were used to model the impacts that ash addition to soil could have on human health when rice was considered as a dietary intake source of arsenic.
Methods

Greenhouse Experiment
The rice cultivars used in this experiment were Dawn and Nortai. Dawn has been identified as an arsenic sensitive cultivar, while Nortai has been identified as an arsenic-tolerant cultivar (Dasgupta et al. 2004 ). Dawn has also been identified as straighthead sensitive, while Nortai is a straighthead tolerant cultivar (Wells and Gilmour 1977) . The ash used in this experiment has previously been characterised by Mollon et al. (2016) . The soil used in this experiment was a commercial top soil from Rolawn (Norton et al. 2013) . Elemental properties of the ash and soils are given in Table 1 .
Soil and ash were mechanically mixed using the end over end method resulting in soil containing 0.1, 0.3 and 1% (w/w) ash. A total of 64 pots were set up on the 20th November 2014 (as outlined in Supplementary Fig. S1 ). Half the pots were lined with a water tight plastic liner. Eight lined pots were filled with 800 g of soil with no ash added, or with ash at 0.1, 0.3, or 1% (i.e. a total of 32 lined pots). Eight non-lined pots were filled with 800 g of soil with no ash added, or with ash at 0.1, 0.3, or 1% (i.e. a total of 32 non-lined pots). The soils were then wetted to field capacity on the 5th December 2014. On the 19th December, 0.3 g ammonium nitrate was added to each pot (as a source of nitrogen). On the 5th January 2015, 4 of the lined and 4 of the non-lined pots of each soil ash treatment (i.e. 24 pots in total) were sown with 4 seeds of the rice cultivar Dawn and the remaining 24 pots with the rice cultivar Nortai. Additionally, a 5-cm Rhizon sampler was inserted into each pot at a 45°, with the collar just submerged below the soil. On the 5th February 2015 (31 days after sowing (DAS)), the rice plants were thinned to a single plant per pot. On the 13th February 2015 (39 DAS), prior to flooding, the first pore water sample was taken. Once the first pore water sample had been collected, the lined pots for each soil treatment and cultivar combination were flooded to 5 cm above the soil surface; the flooded conditions for these plants were maintained at this water level for the remainder of the experiment. The remaining pots were kept under aerobic conditions during the duration of the experiment. A second nitrogen application was applied on the 19th February 2015 (45 DAS) using the same application rate of ammonium nitrate as previously. Further pore water samples were collected from each pot on the 16th March 2015 (70 DAS), 5th May 2015 (120 DAS) and 30th July 2015 (206 DAS). Plants were harvested on the 8th August 2015 (215 DAS). The shoots and the grain were separated and dried at 80 °C for 3 days. Once dry, the mass of the grains and shoots was determined. Prior to chemical analyses the rice grains were de-husked.
Pore Water Analyses
Once the pore water samples were collected they were immediately acidified with concentrated nitric acid to give a final concentration of 1% nitric acid. Prior to elemental analyses, the pore water was diluted 1:50 (in 1% nitric acid) for iron and manganese analyses, and 1:5 for all other elements. Elemental analyses were performed by inductively coupled plasma-mass spectrometry (ICP-MS, Agilent Technologies 7500). Standards with the appropriate ranges were made from 1000 mg l −1 ICP-MS grade multi-element stock solution. For quality control, blank samples were included, as well as water certified reference material (CRM, BCR 610). To monitor fluctuations in the sensitivity of the ICP-MS analysis, a 10 µg l −1 rhodium solution was used as a control.
Rice Shoot and Grain Analyses
Certified reference material (CRM) (Oriental basma tobacco leaves [INCT-OBTL-5]) and rice flour [NIST 1568b]) were used for quality control; blanks were also included. De-husked rice grain and shoots were milled to a fine powder. Shoot samples were weighed (0.1 g) into 50-ml polyethylene centrifuge tubes. Grain samples were weighed (0.2 g) into 50-ml polyethylene centrifuge tubes. Samples were digested with concentrated nitric acid (TraceSELECT; Fluka) and hydrogen peroxide (Analytical reagent grade; Fisher) as described in Sun et al. (2009) . Total phosphorus, manganese, copper, zinc, iron and arsenic determination was performed by ICP-MS. To monitor fluctuations in the sensitivity of the ICP-MS analysis, a 10 µg l −1 rhodium solution was used as a control.
Statistical Analysis
For elemental concentrations in the pore water samples, statistical analysis was conducted on the second, third and fourth sampling point (the first was prior to the water treatments) using SPSS (IBM SPSS Statistics 24). A three-way ANOVA was conducted on the pore water elemental concentrations with water treatment, ash treatment and day of sampling as the explanatory variables; pot number was used as the repeated measure. For the plant element concentrations and plant mass traits a three-way ANOVA was conducted with water treatment, ash treatment and cultivar as the explanatory variables. For the three-way ANOVAs, the presence of interactions between the three explanatory variables was also determined. For correlation analysis, a Pearsons correlation was used.
Arsenic Risk Assessment
Exposure to potentially toxic elements in rice is of most relevance to rice-based cultures such as those found in South and South-East Asia. Here, especially in subsistence-level communities, individuals often consume around a kilogram of rice (raw) every day (Minh et al. 2012) . Subsistence-level communities are also more likely to use waste products as agricultural amendments and therefore more likely to use biomass ash as part of agricultural production.
To estimate potential risks associated with consuming rice fertilised using the biomass ash described in this paper, data characterising a previously studied subsistence-level community in Vietnam was employed. Full details of this study can be found in Minh et al. (2012) . Briefly, the study population was located in the Red River Delta in Bac Ninh province, close to the city of Hanoi. In 2007, a representative sub-set (n = 270) of the population were invited to be interviewed. A total of 262 participants provided a full response. These individuals ranged in age from 3 to 84 years; 125 were male, 137 female (full details of the study population can be found in Minh et al. 2012) .
Interviewees answered questions for all members of their households. During the interviews, participants provided information on dietary habits (including daily rice consumption) as well as other information such as age, gender and bodyweight. This data set was used to provide a realistic population with higher than average rice consumption. For each individual in the population, exposure to arsenic was estimated from the measured concentrations of arsenic in rice grains reported in this study.
In this study, we were specifically interested in the risks associated with consuming rice grown in soils amended with biomass ash; therefore, only ingestion was taken into consideration. Data from the questionnaire described in Minh et al. (2012) were used to estimate individual-level arsenic exposure using an adaptation of the methodology described by Hough et al. (2004) . For each study participant (n = 262), an individual-level average daily dose (ADDi; mg As kg −1 BW d −1 ) was estimated using the following equation (Eq. 1; USEPA 2000):
where As i is the concentration (mg kg −1 ) of inorganic arsenic in each participant's rice and assumed to be a fraction of 0.8 of the mean concentration of arsenic measured in rice grains after 0, 0.1 and 0.3% ash treatments; IR i is the daily average consumption/ingestion (g person −1 d −1 ) of rice by the participant; BW i represents the body weight (kg) of each participant; EF i is exposure frequency (d y −1 ); ED i is exposure duration (equivalent to the lifetime of the participant (Bennett et al. 1999) ); and AT i is the averaging exposure time (d y −1 ).
The potential risk of deleterious health effects was expressed for each study participant as the ratio (hazard quotient, HQ) of the ADD i (Eq. (1)) to a reference dose (RfD As , mg As kg −1 d −1 ); Eq. (2): where RfD As is an estimate of the daily exposure to arsenic for an individual in the human population (including sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects during a life time. The USEPA has published a chronic reference dose (RfD, mg kg −1 d −1 ) for inorganic arsenic of 0.0003 mg kg −1 d −1 based on a no-observed-adverse-effect-level (NOAEL) of 0.0008 mg kg −1 d −1 for dermal effects in a Taiwanese agricultural community exposed to arsenic in well water (Tseng 1977; Tseng et al. 1968 ). The RfD will be used in this study.
(1)
Results
Metal(loid)s in Pore Water
A summary of the statistical difference between treatments and time points for the pore water elemental concentration is given in Table 2 . Statistical analysis was conducted on the pore water sampling points taken on 70, 120 and 206 DAS. The first sampling point (39 DAS) was taken prior to the soils undergoing manipulation of the irrigation regime; therefore, it was not used in the statistical analysis. The sampling day significantly affected the pore water element concentrations of phosphorus (P < 0.001), manganese (P < 0.001), copper (P < 0.001) and zinc (P < 0.001) ( Table 2 , Fig. 1 ). The concentration of zinc in the pore water showed the greatest response to sampling day, (Fig. 1d ) rapidly decreasing in the pore water from the initial sampling point. The concentration of phosphorus also showed a trend of decreasing in latter sampling time points (Fig. 1a ). The effect of sampling day on the concentrations of manganese and copper was less obvious than zinc and phosphorus, and does not show a trend across all sampling time points (Fig. 1b, c) .
The water treatment (flooded vs. non-flooded) significantly impacted the concentration of manganese (P < 0.001), arsenic (P = 0.013) and copper (P = 0.001) in the extracted pore water. The concentration of manganese increased from the flooded soils compared to the non-flooded soils in the second, third and fourth sampling points (the first time point is prior to flooding). Generally, for the fourth (last) sampling point the concentration of manganese in the pore water taken from the flooded soil decreased compared to the second and third time points from the same soils (Fig. 1b ). The concentration of copper in the non-flooded soils was generally higher than other metal(loid)s in the flooded soils for the second and third sampling days (Fig. 1c) .
The concentration of all elements (phosphorus (P < 0.001); manganese (P < 0.001); copper (P < 0.001); arsenic (P < 0.001)) except zinc was significantly affected by the ash treatment. Both the concentration of pore water arsenic and phosphorus increased with increasing addition of the ash (Fig. 1a, e ). The effect of ash treatment on the concentrations of manganese and copper were less obvious and did not show a trend across all sampling time points (Fig. 1b, c) . In addition to the main effects of sampling day, water treatment and ash addition, a number of statistically significant two-and three-way interactions were observed for the pore water element concentrations (Table 2) .
Plant Mass Traits
In the 1.0% ash treatment, the Dawn replicates grown under non-flooded conditions did not initiate flowering. Therefore, for these plants, only shoot element data are presented.
Shoot biomass was significantly affected by both water treatment (P < 0.001) and ash treatment (P < 0.001). Across both cultivars and all ash treatments the plants grown under flooded conditions produced, on average, a lower biomass (7.2 g) compared to those grown under non-flooded conditions (10.0 g). The 1.0% ash treatment caused a significant decrease in shoot biomass compared to the lower ash treatments, with plants grown on the control soil having a straw biomass of 10.4 g compared to 4.8 g in the 1% ash treatment. There was also a two-way interaction between the ash treatment and the cultivar (P = 0.009) as well as a three-way interaction between ash treatment, water treatment and cultivar (P = 0.001) (Table 3, Fig. 2 ).
Grain mass was significantly different between the cultivars across all treatments (P < 0.001), with Dawn on average producing a lower (2.1 g) grain mass than Nortai (3.3 g). Across both cultivars and water treatments, the ash treatment significantly impacted grain mass (P < 0.001), with the plants grown on the soils with the highest ash concentration having significantly lower grain mass (1.3 g) compared to the other three ash treatments (e.g. control 3.3 g). As well as the impacts of cultivars and ash on grain mass, a three-way interaction between cultivar, ash treatment and water treatment significantly affected grain mass (P < 0.001) ( Table 3 , Fig. 2 ).
Shoot Element Composition
Phosphorus
The concentration of phosphorus in the shoots was significantly different between the 2 cultivars (P = 0.001). Mean concentrations of phosphorus across all ash treatments and both water treatments were 851 and 574 mg kg −1 , for Dawn and Nortai, respectively (Fig. 3a) . The ash treatment also significantly affected the shoot phosphorus concentration (P = 0.049), whilst there was a significant interaction between ash treatment and cultivar (Table 4 ).
Manganese
Manganese concentration in the shoots of the rice plants was significantly affected by flooding (P < 0.001). Across all the ash treatments and both cultivars, the plants grown under flooded conditions had on average 40.5% more manganese than the plants grown under non-flooded conditions (mean flooded concentration 1167 mg kg −1 and non-flooded concentration 831 mg kg −1 ). The manganese concentration in the shoots of the rice plants was also significantly (P < 0.001) affected by the ash treatment (Table 4 ). Across both water treatments and cultivars, the concentration of manganese in the plants was highest in those grown with no ash addition and significantly decreased with increasing ash addition; at 0% ash the average concentration of manganese was 1754 mg kg −1 , at 0.1% ash it was 1295 mg kg −1 , at 0.3% ash it was 747 mg kg −1 , and at 1% ash it was 198 mg kg −1 (Fig. 3b ).
Copper
The concentration of copper in the rice shoots was significantly different between the cultivars (P = 0.004). Mean concentrations of copper across all treatments, were 3.99 and 2.98 mg kg −1 , for Dawn and Nortai, respectively. The water treatment also significantly (P < 0.001) affected the concentration of copper in the rice shoots, with the plants grown under flooded conditions having significantly lower concentrations of copper (2.40 mg kg −1 ) compared to the plants grown under non-flooded conditions (4.57 mg kg −1 ). Additionally, the ash treatment significantly (P < 0.001) affected the concentration of copper in the rice shoots. Across both cultivars and water treatments, the highest copper concentration was measured in the shoots of plants grown with the 1.0% ash addition (mean 5.46 mg kg −1 ), while the lowest concentration was observed in the 0.0% ash treatment (mean 1.85 mg kg −1 ) ( Fig. 3c ). Significant interactions between water treatment and cultivar, and ash treatment and cultivar were also detected (Table 4) .
Zinc
Zinc concentrations were significantly different between the two cultivars across all treatments (P = 0.03), with Dawn having the highest average concentration of shoot zinc (52.9 mg kg −1 ) compared to Nortai (34.9 mg kg −1 ). The water treatment also significantly affected the concentration of zinc in the shoots (P = 0.026). Across all ash treatments, the plants grown in flooded soil had significantly lower zinc concentrations than those grown in the non-flooded conditions (34.6 mg kg −1 flooded; 53.1 mg kg −1 non-flooded) ( Table 4 , Fig. 3d ),
Arsenic
The concentration of arsenic in the shoots was significantly (P = 0.004) different between the cultivars. Across all treatments, Nortai had a significantly higher shoot arsenic concentration than Dawn (mean Nortai shoot arsenic 20.6 mg kg −1 and mean Dawn shoot arsenic 13.5 mg kg −1 ). Concentrations of arsenic in shoots were also significantly affected by the water treatment (P < 0.001). Across all the ash treatments, on average, flooding reduced shoot arsenic by 44.3% compared to the plants grown under nonflooded conditions (mean shoot arsenic concentration in flooded plants was 21.9 mg kg −1 and in unflooded plants was 12.2 mg kg −1 ). Additionally, the concentration of arsenic in the shoots was significantly affected by the ash treatment. Across both water treatment and both cultivars, the highest average shoot arsenic concentration was observed in the 1.0% ash treatment (32.5 mg kg −1 ) and the lowest concentration in the 0.0% ash treatment (2.2 mg kg −1 ).The shoot arsenic concentration was also significantly affected by an interaction between the water treatment and ash treatment ( Table 4 , Fig. 3e ).
Iron
Iron concentration in the shoots was not significantly different between the two cultivars, or affected by water treatment or ash treatment (Table 4 , Fig. 3f ).
Grain Element Composition
Phosphorus
The only factor that significantly affected the concentration of phosphorus in the grain was cultivar (P < 0.001; Table 5 ). Across the water and ash treatments, the concentration of phosphorus in the grains of Dawn was 30.2% higher than Nortai (Dawn 3769 mg kg −1 ; Nortai 2894 mg kg −1 ) (Fig. 4a ).
Manganese
Manganese concentrations in the rice grains were significantly affected by flooding (P = 0.001). Across all ash treatments and both cultivars, plants grown under flooded conditions have significantly lower grain manganese (40.4 mg kg −1 ) compared to plants grown under non-flooded conditions (51.8 mg kg −1 ). Manganese grain concentration was also significantly affected by the ash treatment (P < 0.001), with the plants grown with 0.0% ash having significantly higher grain manganese than the plants grown with ash in the soil (Fig. 4b) . In addition to the individual significant impacts of water and ash treated, there was a significant interaction between both these factors (P = 0.005; Table 5 ).
Copper
The concentration of copper in the rice grain was significantly different between cultivars (P = 0.001). Mean concentrations of copper across all treatments were 3.98 and 4.55 mg kg −1 , for Dawn and Nortai, respectively. Grain copper concentration was also significantly (P < 0.001) affected by water treatments, with the plants grown under nonflooded conditions having a higher concentration of copper in their grains compared to plants grown under flooded conditions (mean non-flooded 4.86 mg kg −1 ; mean flooded 3.67 mg kg −1 ). Additionally, the different ash treatments had a significant effect on grain copper; plants grown on the control ash-treated soil had significantly lower grain copper concentrations than those grown on the ash amended soils (P < 0.001; Fig. 3c ). There was also a significant interaction between the ash treatment and the cultivar on grain copper (P = 0.012; Table 5 , Fig. 4c ).
Zinc
Zinc grain concentration was significantly (P < 0.001) different between the two cultivars across both treatments, with Dawn having a higher average concentration than Nortai (mean Dawn 34.4 mg kg −1 ; mean Nortai 22.8 mg kg −1 ). Grain zinc concentration was also significantly (P = 0.025) affected by the ash treatment across both water treatments and cultivars, with the plants grown on the soil that had an ash addition having a lower grain zinc concentration than those grown on the soil without ash. Additionally, plants grown under flooded conditions had significantly (P = 0.021) lower grain zinc than those grown under non-flooded conditions; however, this was only a small difference of 9% ( Fig. 3d ). In addition to the impact of cultivar, water and ash, there was a significant (P = 0.006) interaction between the ash treatment and cultivar on grain zinc concentration ( Fig. 4d , Table 5 ).
Arsenic
The concentration of arsenic in the grain was significantly (P < 0.001) different for the plants grown on soils which contained ash and those that did not. Mean concentrations of arsenic across both cultivars and water treatments for the plants grown on soil without ash addition was 0.19 mg kg −1 ; this increases to 0.47 mg kg −1 for the plants grown on soil containing 0.1% ash (Fig. 3e ). As well as the significant effect of the ash treatment, there was a significant (P = 0.041) interaction between the ash and water treatments (Fig. 4e , Table 5 ).
Iron
The concentration of iron in the rice grains was not impacted by any of the treatments (Fig. 4f ; Table 5 ).
Comparison of Element Concentration in the Shoots and Grains of the Rice Plants
Relationships between the concentration of each element in the shoots and grains were compared ( Supplementary Fig.  S2 ). There was no correlation for phosphorus in the grain and shoot, zinc in the grain and shoot, and iron in the grain and shoot. However, there were significant (P < 0.05) positive correlations between the concentrations of manganese in the shoot and grain, copper in the shoot and grain, and arsenic in the shoot and grain (r = 0.670, r = 0.560, and r = 0.643 respectively). 
Arsenic Risk Assessment
Based on risk assessment modelling, with no ash added to the study soil, the majority of individuals experienced a hazard quotient (HQ) < 1 (men had a mean HQ of 0.7, women 0.68, children (< 13 years old) 0.88), suggesting that they will not experience deleterious health effects due to consuming arsenic in their rice (Fig. 5 ). However, even small levels of ash amendments increased these estimates of mean HQ significantly bringing them closer to 2.0 ( Fig. 4) , though there was no significant difference in values of HQ between 0.1 and 0.3% ash amendment.
Discussion
In previous studies, ash addition to soils has had a positive impact on plant growth (Pérez-Cruzado et al. 2010; Bougnom et al. 2012; Materechera 2012; Moilanen et al. 2012; Saarsalmi et al. 2012) . However, in our study, increasing ash concentrations in the soil decreased overall plant performance; for example, at the 1.0% ash treatment, and under non-flooded conditions, the Dawn cultivars died.
Ash Impacts on Phosphorus, Manganese and Iron
Phosphorus concentrations in the pore water were significantly affected by ash addition (Fig. 1a) , but the concentrations of phosphorus in the rice grains were not impacted ( Fig. 4a ). This indicates that, whilst the ash contained phosphorus which was mobile in the soil, this may not have been in a form that was readily available to the plants. It has been found that, of all the major nutrients in wood ash, phosphorus is the least bio-available (Demeyer et al. 2001) ; thus, the phosphorus in the wood ash was most likely present as weakly soluble aluminium phosphate or inaccessible as alumino-silicates (Ohno and Erich 1990; Erich 1991; Erich and Ohno 1992) . Manganese deficiency can occur in plants growing on organic soils, where the Mn 2+ becomes bound to organic matter, or in calcareous soils, where the manganese is precipitated as manganese oxides. However, manganese toxicity has a greater impact on crop production than manganese deficiency (He et al. 2005) . The flooded soil treatment in the present study mobilised high concentrations of manganese into the pore water compared to the non-flooded soils (Fig. 1b ). However, this increased concentration of manganese in the pore water was not reflected in either the rice shoots or the grains (Figs. 3b, 4b ). The addition of ash did not increase the concentration of manganese in the shoots and grain; on the contrary, it caused a decrease (Figs. 3b, 4b) . Based on the concentration of manganese in the soil (3710 mg kg −1 ) and in the ash (3300 mg kg −1 ), it was expected that the addition of ash to the soil would have little effect on the total concentration of manganese in the soil. The observed decrease in manganese with increasing ash is probably due to the impact that the ash has on the soil pH. In a previous study using this ash, it was observed that the pH increased sharply on the addition of the ash (Mollon et al. 2016) as observed by others (e.g. Bougnom et al. 2009; Ochecova et al. 2014) , though this effect may be relatively short lived, as shown by Mollon et al. (2016) when leaching the ash with de-ionised water in a column test. Manganese is present in soils in a number of different oxidation states (0, II, III, IV, VI and VII) (Millaleo et al. 2010) , with the most soluble form being Mn(II). The solubility of manganese is reduced as pH increases (Rengel 2000) . At lower pH, manganese in the soil is present as Mn 2+ ions, which can be readily transported into roots cells (Marschner 1995) , whereas at higher soil pH manganese is found in other forms, including Mn(III) and Mn(IV), which are not taken up by plants. As expected, flooding increased manganese in the soils solution ( Fig. 1b) , as negative redox favours manganese solubility (Rinklebe et al. 2016) where Mn 4+ is reduced to Mn 2+ . However, this increase in manganese in the pore water was not mirrored in the plant tissue manganese concentrations, suggesting a more complex uptake of manganese by the plants from the soil solution. There was a strong relationship between the manganese in the shoots and the grains, with the plants that accumulated high manganese in the shoots also having high manganese in the grains.
While the concentration of iron was not determined in the pore water it was in the shoots and grains of the plants (Figs. 3f, 4f ). The concentration of iron in both the shoots and the grains was not impacted by any experimental treatment, and was unchanged between cultivars. This could be related to the high degree of iron homeostasis in the plants.
Behaviour of Copper and Zinc
Copper is an essential micronutrient for plants (White and Greenwood 2013) . The ash used in this study is rich in copper 8790 mg kg −1 , and at a much higher concentration than the soil (7.5 mg kg −1 ), therefore the addition of ash increased the total copper in the soil, with the highest ash treatment having a copper concentration approximately 35 times higher than the soil. This resulted in an increase in concentration of copper in the pore water, rice shoots and grain (Figs. 1c, 3c, 4c) . Copper in the grains was higher in plants that were grown under non-flooded conditions. This variation in copper concentration due to water treatment ( Fig. 4c) was probably due to the redox of the soil, as copper mobility has been observed to increase in aerobic soils (Rinklebe et al. 2016) . Under reduced conditions, the available Cu 2+ is reduced to less available Cu + (Rinklebe et al. 2016) . Additionally, in anaerobic conditions, fewer copper colloids can be formed by microbes (Weber et al. 2009 ).
Like copper, zinc is an essential micronutrient for plants, involved in a wide range of physiological processes (White and Greenwood 2013) , and is also a micronutrient that is essential for human health (White and Broadley 2008) . Therefore zinc-rich ash could be an ideal zinc supplement for soils, if the zinc is in a bioavailable form. Total concentration of zinc was very high in the ash tested here compared to the soil (soil zinc 27.7 mg kg −1 ; ash zinc 4670 mg kg −1 ), therefore at the highest ash treatment (1.0%) the total zinc in the amended soils was approximately 74.4 mg kg −1 . However, the ash treatments did not significantly increase zinc in the pore water ( Table 2 ). The greatest impact on zinc in the pore water was the sampling day, with the concentration in the pore water rapidly decreasing over the course of the experiment; this suggests that the labile/soluble zinc pool in this soil (regardless of ash treatment) was rapidly depleted. In the grain the largest impact on zinc was between the two cultivars, with Dawn accumulating more zinc than Nortai. These results for zinc in the plant tissue are similar to those observed by Mollon et al. (2016) using the same ash, albeit with ryegrass in that study.
Arsenic in Pore Water and Rice
The addition of ash to the soil greatly increased the concentration of arsenic in the pore water (Fig. 1e ). This was expected as the total concentration of arsenic in the soil is 3.5 mg kg −1 compared to 9259 mg kg −1 in the ash, meaning that the highest ash (1.0%)-treated soil would have an arsenic concentration of approximately 96 mg kg −1 . This high soil arsenic concentration could be one of the factors that caused the plants to die in the highest ash treatment, as high arsenic concentrations have been linked to phytotoxicity (Meharg and Hartley-Whitaker 2002) . Under flooded conditions, it would be expected that arsenic in the pore water would have increased (Xu et al. 2008 ) and this could have led to plants grown under flooded conditions accumulating an order of magnitude more arsenic (Xu et al. 2008; Norton et al. 2012 Norton et al. , 2013 . While there was a significant effect of flooding on pore water arsenic concentrations (Table 2 ) and a significant effect of flooding on shoot arsenic, with plants grown under flooded conditions having higher shoot arsenic concentrations compared to those grown under non-flooded conditions (Fig. 3e ) this was not reflected in the grain arsenic concentration (Fig. 4e) .
Implications for Risk Assessment
The recent EU limit on inorganic arsenic in rice (brown rice) is 0.25 mg kg −1 (Council Directive 2015/1006/EC). In the present study, it was found that the total arsenic in the rice grain exceeded the limit of 0.25 mg kg −1 with the addition of 0.1% ash, while rice grown on the non-ash amended soils was below this. The EU limit is based on inorganic arsenic content rather than total arsenic content; as the proportion of inorganic arsenic was not measured in this study, it is not directly possible to conclude if the ash treatment causes the EU limit to be exceeded. However, based on the literature (Norton et al. 2009 (Norton et al. , 2012 , if 80% of the total arsenic in rice grains in the present study is inorganic arsenic, then the grains obtained would be above the limit.
The health risk assessment highlights the importance of context when assessing potential risks associated with the use of wood ash as an agricultural soil amendment. For the assessment in our study, we specifically selected a highly exposed community (i.e. one that consumes large amounts of rice from a minimal number of sources, and where individuals have relatively low body weights) as a 'realistic worst case scenario'. This scenario highlights that even for the 0% ash treatment, a small proportion of the study population are experiencing intakes of arsenic that exceed the RfD, simply due to their hefty reliance on rice. Thus, rice cultivation in any arsenic contaminated soils would increase concentrations of arsenic in rice grains to a level that equates to a potential risk for nearly all members of the study population. It would therefore be expected that a study cohort with a lower consumption of rice would not be exposed to such a high risk. Another factor to consider is that the wood ash used in the present study is one amongst myriad of wood ashes increasingly generated from various sources, containing various proportions of metal(loid)s; for example, Solo-Gabriele et al. (2002) reported total arsenic concentrations in the very broad range of 730-100,000 mg kg −1 for wood ashes composed of various construction and demolition waste woods, and batches of woods variously treated with chromated copper arsenate (CCA). Thus input parameters of any risk assessment, such as that reported in the present study, would need to be adjusted to reflect the source material. Lastly, and when considering the use of metal(loid) contaminated soils for food cultivation, it is important to mention the risk of direct intake of arsenic via ingestion; in the context of the present study it is likely that, under flooded conditions, soil ingestion (via dust inhalation for example) would be vastly minimised. However, direct ingestion of wood ashes during application to soils could be another risk exposure pathway to consider by this mode of soil fertilisation.
Conclusions
This study highlights a number of issues precluding the use of metal(loid) enriched wood ashes in rice cultivation. Firstly, though wood ash application increased soluble phosphorus and manganese, metal(loid) phytotoxicity appears to have resulted in negative impacts to plant growth and mortality of rice plants at higher ash applications. Secondly, whilst the addition of ash to soils resulted in the increase of copper in rice grains, there was little impact on grain zinc, which would be a desirable element to supplement via soil amendment. Lastly there was a significant increase in rice grain arsenic after ash addition, resulting in a predicted increase in risk of human exposure of arsenic through rice consumption. While it is unlikely that wood ash enriched in toxic metal(oid)s would knowingly be applied to cultivated soil, this practise may be occurring on a localised scale where the provenance of wood ashes is not known, or where there is a lack of knowledge regarding the biogeochemistry of heavy metal(loid)s. Thus, the ash used in this study appears to induce more negative impacts on rice cultivation than positive impacts, and it may be assumed that similarly contaminated ashes would induce deleterious effects if applied in the same manner, whether in singular dosage or repeated applications.
